Introduction miRNAs are a large class of noncoding RNAs that silence expression of protein-coding genes. More than one-third of all human genes are potential targets of miRNAs (Lewis et al., 2005; Xie et al., 2005) , and an increasing number of cancers are characterized by alterations in miRNA expression profiles . In mammals, miRNAs have been implicated in numerous processes, including developmental transitions (Chen et al., 2004) , tumorigenesis (He et al., 2005; O'Donnell et al., 2005) , and diabetes (Poy et al., 2004) , suggesting critical roles in regulating eukaryotic gene expression. Despite their importance in controlling key cellular processes, very little is understood about the precise molecular mechanisms of miRNA action.
The first demonstrations of regulatory roles for miRNAs involved the prototype miRNAs lin-4 (Lee et al., 1993; Wightman et al., 1993) and let-7 Reinhart et al., 2000) in Caenorhabditis elegans. lin-4 gene expression is required for worms to transition from the first larval instar (Olsen and Ambros, 1999; Wightman et al., 1993) , whereas let-7 gene expression is required for the transition from pupae to adult . Like most animal miRNAs, lin-4 and let-7 demonstrate partial sequence complementarity to their target mRNAs, LIN14 and LIN28 (for lin-4) and LIN41 (for let-7). Biochemical analysis of lin-4 expression indicates that this miRNA does not alter target mRNA stability despite reduction in protein levels (Olsen and Ambros, 1999; Wightman et al., 1993) . Contrary to these observations, lin-4 and let-7 were recently shown to destabilize their target mRNAs in developing worms (Bagga et al., 2005) , suggesting that miRNA-directed translational silencing may result in destabilization of repressed mRNA targets. Consistent with this notion, in humans, let-7 was shown to direct deadenylation of target mRNAs (Wu et al., 2006) .
The fate of miRNA-targeted mRNAs depends partly upon the degree of sequence complementarity between the miRNA and its target mRNA. Endogenous human miRNAs, including let-7, translationally repress target mRNAs with imperfectly complementary sequences (Doench and Sharp, 2004; Hutvagner and Zamore, 2002; Pillai et al., 2005; Zeng et al., 2002 Zeng et al., , 2003 , and introduction of mRNAs with exact sequence complementary to let-7 results in mRNA cleavage . Contrary to this notion, in mice, the HoxB8 gene product can be cleaved by miR198 despite imperfect sequence identity between miR198 and the HoxB8 mRNA (Yekta et al., 2004) . Thus, identical miRNAs might work in more than one capacity to mediate pretranslational, cotranslational, or posttranslational gene silencing.
Generally, miRNAs enter a large microribonucleoprotein complex (miRNP) that represses translation of mRNAs with partial sequence complementarity to the miRNA. Conversely, a related class of small RNAs, short interfering RNAs (siRNAs), enter the RNA-induced silencing complex (RISC) and cleave mRNAs with perfect or nearly perfect sequence complementarity to the siRNA. Cell-free reactions have helped define biochemical requirements for short RNA loading into RISC (Pham et al., 2004; Tomari et al., 2004 ) and short RNA-directed cleavage of target mRNAs (Hammond et al., 2000; Tuschl et al., 1999; Zamore et al., 2000) . However, cellfree reactions have not yet been described for the major activity of miRNAs: translational gene silencing. Here, we describe reactions that support miRNA-directed translational repression in a rabbit reticulocyte lysate in vitro.
Results

Description of Reporters of miRNA Function
Luciferase-based reporters that contain imperfectly complementary binding sites for short RNAs have been described for analysis of translational gene silencing in cells (Doench et al., 2003; Doench and Sharp, 2004; Hutvagner and Zamore, 2002; Pillai et al., 2005; Zeng et al., 2002) . The Photinus pyralis (firefly) or the Renilla reniformis (sea pansy) luciferase mRNAs were transcribed from plasmids presented in Figure S1 , available in the Supplemental Data with this article online. Firefly or Renilla luciferase mRNA reporters contain a 3 0 UTR with *Correspondence: carl_novina@dfci.harvard.edu imperfectly complementary binding sites to the antisense strand of the CXCR4 siRNA. These miRNA binding sites are referred to as miCXCR4 sites and are denoted with an ''X'' ( Figure 1A) ; likewise, one perfectly complementary binding site is referred to as an siCXCR4 site and is denoted with a ''P.'' To approximate endogenous gene expression observed in cells, in vitro-transcribed mRNAs were capped with guanylyltransferase in the presence of guanosine ( Figure S2 ) and were subjected to polyadenylation reactions using polyA polymerase (PAP). Because average pol II transcripts possess polyA tails in the range of 200-250 adenosines (Brawerman, 1981) , test and control reporter mRNAs were polyadenylated to w200 adenosines, unless otherwise indicated.
Biochemical Hallmarks of miRNA-Directed Gene Silencing Kinetic analysis was performed by using the firefly luciferase reporter with six 3 0 UTR miCXCR4 binding sites (FL6X) and the Renilla luciferase reporter with zero 3 0 UTR miCXCR4 binding sites (RL0, Figure S3 ). Short RNA-directed translational gene silencing was detected at time points up to 60 min, with a maximum observed at 10 min. Reversing test and control reporters led to similar results. Based upon this analysis, all subsequent reactions were measured at 10 min by using firefly luciferase as the test reporter and Renilla luciferase as the control reporter.
Gene silencing was tested on reporters with increasing numbers of miCXCR4 binding sites or one siCXCR4 binding site ( Figures 1A and 1B) . Whereas no gene silencing of RL0 was observed, gene silencing of FL increased with increasing numbers of binding sites in the presence of CXCR4 siRNA (20%-77%), but not in the presence of a control siRNA ( Figure 1C ). Robust, sequence-specific gene silencing of FL1P was also observed (79%). Northern blot analysis of these reactions indicated no change in mRNA stability of FL0, FL2X, FL4X, or FL6X reporters in the presence of the CXCR4 siRNA relative to reactions lacking the CXCR4 siRNA ( Figure 1D ). However, the FL1P reporter did demonstrate reduced mRNA levels relative to reactions lacking the CXCR4 siRNA (60%). Real-time, reverse-transcription PCR of these reactions independently verified these results (data not shown).
To further confirm these observations, the same gene silencing reaction as in Figure 1C was performed by using unlabeled (cold) amino acid mixtures and a radiolabeled mRNA cap ( Figure 1E ). Consistent with the results above, FL6X mRNA was not significantly reduced, whereas FL1P mRNA showed a 62% decrease in reactions containing the CXCR4 siRNA. Thus, three independent methods verify that short RNAs in these translational silencing reactions affected amino acid incorporation without affecting mRNA stability. From these data, we conclude that short RNA-directed translational gene silencing occurs during or after translation and that the rabbit reticulocyte lysate supports short RNA-directed mRNA cleavage activity.
A hallmark of miRNA function is the requirement for perfect complementarity between nucleotides 2 and 7 from the 5 0 end of the miRNA and its binding site in the target mRNA, called the 5 0 seed region (Doench and Sharp, 2004; Lewis et al., 2003; Stark et al., 2003) . To test this criterion in vitro, FL6X reporters with three point mutations in the 5 0 seed region or 3 0 end region of each miCXCR4 binding site were generated (Figure 2A ). Consistent with observations in cell culture models of miRNA activity, point mutations in the 5 0 seed region drastically reduced gene silencing activity (5%). Conversely, point mutations in the 3 0 end of the miCXCR4 binding sites did not reduce gene silencing activity (74%). In addition, a CXCR4 siRNA with compensatory mutations to the 5 0 seed region mutations restored translational repression activity. Together, these results indicate that translational gene silencing requires 5 0 seed region complementarity between short RNAs and target mRNAs in vitro.
Like all products of RNase III enzymes, siRNAs and miRNAs possess 5 0 terminal phosphates. Although siRNAs and miRNAs require 5 0 terminal phosphates for efficient gene silencing activity (Nykanen et al., 2001; Schwarz et al., 2002) , unphosphorylated siRNAs also function in cell-based gene silencing experiments (Elbashir et al., 2001) . In this setting, a still undefined cellular kinase phosphorylates duplexed RNAs, but not short single-strand RNAs. Whereas phosphorylated duplex CXCR4 siRNA and phosphorylated antisense strand of the CXCR4 siRNA supported silencing of FL6X, an unphosphorylated antisense strand of the CXCR4 siRNA did not support silencing of FL6X ( Figure 2B ). Modified Northern blot analysis confirmed that phosphorylated and unphosphorylated short RNAs had similar stabilities in the absence and in the presence of target mRNAs ( Figure S4 ). Thus, short RNAs require 5 0 phosphates for translational gene silencing activity in vitro.
To test if the effects mediated by the CXCR4 siRNA were the result of a simple antisense effect or a nonspecific effect on mRNA secondary structure, gene silencing reactions were attempted with a phosphorylated short RNA oligonucleotide longer than usual strands of a typical siRNA (31-mer) or with a 2 0 O-methylated strand of identical sequence to the antisense strand of the CXCR4 siRNA ( Figure 2C ). The 31-mer used in this study is identical to the antisense strand of the CXCR4 siRNA but with ten additional nucleotides added to the 3 0 end with exact sequence complementary to FL6X. Although the CXCR4 siRNA efficiently silenced FL6X, neither the 31-mer nor a 2 0 O-methylated CXCR4 RNA silenced FL6X. These RNAs also failed to silence FL1P.
Experiments examining the order of addition of components to gene silencing reactions indicate that rabbit reticulocyte lysate lacks an activity that loads duplex siRNA into miRNP ( Figure S5 ). The reactions demonstrating silencing activity only occurred when siRNAs were preheated or when single strands were added to gene silencing reactions, suggesting that the miRNPloading complex, analogous to the RISC-loading complex (RLC; [Leuschner et al., 2006; Matranga et al., 2005; Rand et al., 2005] ), has negligible activity in these extracts. To directly confirm this hypothesis, pull-down assays using reporter mRNAs with biotinylated polyA tails were performed (Figure 3) . Neither the addition of low levels of biotin to the polyA tail (64%) nor the presence of streptavidin beads (62%-63%) interfered with translational gene silencing activity. When the CXCR4 siRNA was preannealed to the biotinylated mRNA, and the mRNA was captured with streptavidin beads and unbound short RNAs were washed away, these mRNAs supported full gene silencing activity (65%). Conversely, free single-strand RNAs in the supernatant of the pull-down added to the rabbit reticulocyte lysate demonstrated negligible silencing activity (7%). Thus, unlike miRNP loading in vivo, the miRNP binds to the miRNA:mRNA duplex in these in vitro reactions.
miRNA Function Is Both 7-Methyl G Cap and PolyA Tail Dependent The exact step of translation inhibited by miRNAs has recently received much attention. In support of an initiation block, translation initiated by internal ribosome entry sites (IRES) was not repressed by miRNAs, suggesting a cap dependence to miRNA activity (Humphreys et al., 2005; Pillai et al., 2005) . In support of a postinitiation block, another study found translation initiated by IRES was repressed by miRNAs, suggesting a cap independence to miRNA activity (Petersen et al., 2006) . To test the effect of a 7-methyl G cap on miRNA function directly, mRNAs were either uncapped and unpolyadenylated, capped and unpolyadenylated, uncapped and polyadenylated, or both capped and polyadenylated prior to addition to gene silencing reactions. Consistent with current models of classical RNAi (Zamore et al., 2000) , reactions using an uncapped and unpolyadenylated FL1P reporter led to robust gene silencing activity (62%, Figure 4A ). Thus, mRNA cleavage reactions are both 7-methyl G cap and polyA tail independent in vitro. Conversely, translational gene silencing was not observed in reactions lacking a polyA tail ( Figure 4B ), arguing that a cap alone is not sufficient for miRNA translational silencing activity. At physiological polyA tail lengths (0.2 kb), no short RNA activity was observed on the mRNA 1 and 4) or in the presence (+) of CXCR4 siRNA alone (lane 2) or in the presence of streptavidin beads (lane 3). Alternately, CXCR4 siRNAs were annealed to these reporters, bound to streptavidin beads, and subjected to pull-down and washing before translation (top) or modified Northern blotting with a probe specific for the antisense strand of the CXCR4 siRNA (as-siCXCR4, middle panel). Isoleucine tRNA served as a loading control (Ile tRNA, bottom). Gene silencing of FL6X-bi in the presence of streptavidin beads (lane 5) is approximately the same as the FL6X-bi-streptavidin bead precipitate after precipitation and washing (lane 6). The supernatant from FL6X-bi-streptavidin bead precipitate (lane 7) demonstrated little gene silencing and CXCR4 siRNA determined by modified Northern blotting. Conversely, the control Isoleucine tRNA was not strongly associated with the precipitated mRNA (lane 6) but was identified in the supernatant (lane 7). Gene silencing (percentage reduction) is indicated. luciferase reporter lacking a cap but was observed on the mRNA luciferase reporter with both a cap and tail (74%).
We extended this analysis with polyA tail lengths greater than 0.2 kb ( Figure 4C) . Surprisingly, increased polyA tail lengths diminished the 7-methyl G cap dependence on translational gene silencing. With a 0.8 kb polyA tail, cap-independent activity was about half that of the cap-dependent activity, 37% reduction compared to (C) Silencing reactions using siRNA:mRNA ratios of 0:1, 1:1, and 6:1; FL6X and RL0 mRNAs were not capped (2cap) or capped (+cap) and polyadenylated to the lengths indicated. Gene silencing (percentage reduction) is indicated. (D) An ethidium bromide-stained agarose gel demonstrates mRNA polyadenylation (polyA; kb). (E) mRNA looping model of miRNA function. The 7-methyl G cap (green ball) is brought into proximity of the polyA tail through interactions between the cap binding protein eIF4E (4E), the polyA tail binding protein (PABP), and a cofactor eIF4G (4G, left). At nonphysiological polyA tail lengths, enough PABP binds to the polyA tail to recruit eIF4E without a cap binding. Thus, cap-independent translational gene silencing may occur with long polyA tails (right). 79% reduction. At very long polyA tail lengths, the stoichiometric requirements of siRNA:mRNA ( Figure S6 ) were also relaxed, as a 1:1 ratio of siRNA to mRNA now produced 50% reduction in the presence of a cap, compared to no reduction observed with a 0.2 kb polyA tail. Although the average polyA tail length for mRNAs is w200 bases, it is tempting to speculate that some mRNAs may have evolved shorter or longer polyA tails to diminish or strengthen miRNA-mediated repression.
Discussion
There are several reasons why cell-free short RNAdirected translation gene silencing has been difficult to detect in rabbit reticulocyte lysates or wheat germ extracts. First, repression requires a 7-methyl G cap, yet typical in vitro translation kits do not provide a cap, as it is not required for translation in reticulocyte lysates. In addition, some vendors (Promega) supply a cap analog to increase translation efficiency. Reactions with this cap analog did not support short RNA silencing activity in our assays (data not shown). Consistent with recent observations (Humphreys et al., 2005; Pillai et al., 2005) , these data suggest that short RNA translational silencing may depend upon specific structural features of the 7-methyl G cap and its interacting proteins. Second, although polyadenylation is not required for translation using commercially available kits, unpolyadenylated mRNA reporters are not silenced in vitro. Also, in our hands, the lysate is sensitive to multiple rounds of freeze thawing (data not shown); extracts that support in vitro translation (more than one freeze-thaw cycle) will not support short RNA-directed gene silencing. Perhaps most importantly, the order of addition of reagents to these reactions is essential for robust gene silencing. These data are consistent with the interpretation that an activity in the miRNP or RISC loading complex is absent from the rabbit reticulocyte lysate and suggest that short RNA loading into the miRNP in vitro may not proceed in the same manner as would occur in cells.
The short RNA-directed mRNA cleavage and translational gene silencing reactions show stoichiometric differences in vitro. Unlike RISC, which is a multiple turnover enzyme , miRNP activity likely depends upon full miRNA binding site occupancy. Consistent with observations in cells (Doench et al., 2003) , total silencing increased with increasing numbers of miCXCR4 binding sites, suggesting that binding site number is a critical determinant of miRNA function in vitro. Interestingly, near maximum silencing of FL1P is observed at siRNA:mRNA ratios of 1:1 to 6:1, but silencing was rapidly lost at 8:1 ( Figure S6 ). Conversely, maximum silencing of FL2X, FL4X, and FL6X was observed at siRNA:mRNA ratios of 2:1, 4:1, and 6:1, respectively. These data suggest that the mRNA cleavage reaction is less sensitive to miRNA:mRNA stoichiometry than the translational silencing reaction. Unlike FL1P, the FL6X reporter still demonstrates significant silencing at siRNA:mRNA ratios of 8:1 and 16:1. The data presented here suggest that RISC and miRNP depend upon different limiting factors in vitro.
Data on polyA tail requirements for miRNA-mediated repression have been conflicting. In one study, in vitrotranscribed mRNA without a polyA tail transfected into cells demonstrated full miRNA-directed repression (Pillai et al., 2005) . Another study concluded that full repression requires a polyA tail (Humphreys et al., 2005) . Data presented here indicate that unpolyadenylated mRNAs are refractory to gene silencing by miRNAs in vitro. One explanation for the discrepancy between Pillai et al. and data presented here may be the short RNAs used to trigger silencing. Alternatively, the HpaI-linearized luciferase reporters used by Pillai et al. possess a consensus AAUAAA polyadenlyation signal sequence within 30 nucleotides relative to the HpaI site. It is possible that unpolyadenylated mRNAs used in those studies became polyadenylated in cells. However, differences in capand polyA tail-dependent mechanisms of miRNA activity reported here relative to these other studies may reflect differences in gene silencing in vitro and in cells.
Our data indicating that translational repression is 7-methyl G cap dependent agrees with Humphreys et al. and Pillai et al. but disagrees with Petersen et al. (2006) . While Pillai et al. (2005) relied on endogenous let-7 miRNA, the studies by Humphreys et al. (2005) and Petersen et al. both used the CXCR4 siRNA also used here, indicating that the source and sequence of the small RNA are likely not the explanation for the observed differences. Furthermore, the IRES elements used in these studies overlapped, suggesting that the choice of IRES does not explain the discrepancies: Pillai et al. used the EMCV-IRES and HCV-IRES, Humphreys et al. used the EMCV-IRES and CrPV-IRES, and Petersen et al. used the HCV-IRES and CrPV-IRES. Although our data show a cap dependence for miRNA repression, we also find that polyA tail length can significantly regulate miRNA repression and can rescue repression on uncapped constructs. These observations suggest the possibility that different polyA tail lengths explain the differences observed by Humpreys et al., Pillai et al., and Petersen et al. Petersen et al. used plasmid DNA to deliver the IRES-containing mRNA, whereas Humphreys et al. and Pillai et al. directly transfected mRNA. Perhaps, the transfected mRNAs are subject to increased deadenylation and/or poorly recruit PABP, resulting in a relatively short polyA tail, and thus exhibit cap dependence for repression, whereas the in vivo transcribed, processed, and exported mRNAs studied by Petersen et al. maintain a long polyA tail and thus can be repressed even when translation is initiated via an IRES.
In conclusion, we report the recapitulation of cell-free, short RNA-directed translational gene silencing. The reactions described here demonstrate several hallmarks of miRNA function, including a 5 0 phosphate and perfect complementarity with the 5 0 seed region of target mRNAs. We also show mechanistic differences between RISCmediated cleavage and miRNP-mediated translational gene silencing, further emphasizing the differences between these pathways. Finally, the requirement for a polyA tail, and a 7-methyl G cap that can be overcome with an extended polyA tail, suggest a mechanism for miRNA function, targeting the translation initiation factors eIF4E and/or eIF4G ( Figure 4E ). The altered stoichiometry of miRNA translational silencing activity at increased polyA tail lengths may be due to stabilization of the miRNP by PABP. This is one model to explain these data; further work with this in vitro system is required to understand the precise mechanisms of miRNA biochemistry.
Experimental Procedures
DNA Constructs
Plasmids expressing gene silencing reporters with zero, two, four, and six imperfect binding sites (miCXCR4) and one perfect binding site (siCXCR4) were made as previously described and subcloned from pGL3 into pcDNA3.1 (Doench et al., 2003) . DNA oligonucleotides used to prepare the 5 0 seed mutations were 5 0 -AAGTTTTCA CAAAGGTTAGACCGGAAGTTTTCACAAAGGTTAGACCGG-3 0 and 5 0 -TCTAACCTTTGTGAAAACTTCCGGTCTAACCTTTGTGAAAACTT CCGG-3 0 . DNA oligonucleotides used to prepare the 3 0 end mutations were 5 0 -AACTATACACAAAGCTAACACCGGAACTATACACA AAGCTAACACCGG-3 0 and 5 0 -TGTTAGCTTTGTGTATAGTTCCGGT GTTAGCTTTGTGTATAGTTCCGG-3 0 (Integrated DNA Technologies). Hybridized DNA oligonucleotides were multimerized in 10 mM Tris (pH 8.0), 50 mM NaCl, and 1 mM EDTA. DNA ligation was performed by using T4 DNA ligase (New England Biolabs). Concatamers of mutant CXCR4 binding sites were gel purified and PCR amplified by using the 5 0 seed mutation primers 5 0 -GCTCTAGA GCCGGAAGTTTTCACAAAG-3 0 and 5 0 -TAGGGCCCCCGGTCTAAC CTTTG-3 0 or the 3 0 end mutation primers 5 0 -GCTCTAGAGCCGGAA CTATACACAAAG-3 0 and 5 0 -TAGGGCCCCCGGTGTTAGCTTTG-3 0 . PCR products were subjected to restriction digestion with XbaI and ApaI (New England Biolabs) and were ligated into XbaI and ApaI restriction-digested pcDNA3.1 (Invitrogen).
Preparation of mRNA Reporters pcDNA3.1 plasmids were linearized with EcoRV to generate zero, two, four, or six miCXCR4 binding sites, and one siCXCR4 binding site and pRL-TK (Promega) were linearized with XhoI to generate the internal control RL0 at 37ºC for 2 hr. Linearized plasmids were phenol extracted, ethanol precipitated, and resuspended in DEPC water. In vitro transcription was performed with 5 mg linearized plasmid using the RiboMax T7 Large-Scale RNA Production kit (Promega) according to manufacturer's protocols, followed by purification by RNeasy mini kit (Qiagen).
In vitro-transcribed mRNA reporters were modified by 7-methyl G capping and polyadenylation. The capping reaction proceeded according to manufacturer's protocols (Ambion) using 20 pmoles mRNA reporter per 7-methyl G capping reaction. Capped mRNAs were polyadenylated in 25 ml reactions containing 10 pmole capped-mRNAs, 20 mM Tris-HCl (pH 7.0), 50 mM KCl, 0.7 mM MnCl 2 , 0.2 mM EDTA, 100 mg/ml acetylated BSA, 10% glycerol, 0.5 mM ATP, and 600 U PAP for 5-30 min at 37ºC. Reactions were terminated with 1 ml 5 mM EDTA. Polyadenylation was monitored on 1% agarose-formaldehyde gels by using a 0.28-6.58 Kb RNA marker (Promega).
In Vitro mRNA Translation Assay Reactions were performed in nuclease-treated rabbit reticulocyte lysate (RRL, Promega, cat. #L4960) at 30ºC. Typically, 0.025 pmole reporter mRNA and 0.025 pmole control mRNA were mixed with CXCR4 siRNA (Integrated DNA Technologies) in the ratios indicated in each figure to a total volume of 2.2 ml. The mixture was heated to 75ºC for 3 min, cooled to room temp for 5 min, and then added to ice. To begin gene silencing, each reaction received 7.8 ml of master mix for a total volume of 10 ml: 7 ml RRL, 4-8 U (0.2 ml) RNasin (Promega), 20 mM (0.2 ml) amino acid mixture minus methionine and cysteine (Promega), and 0.4 ml (5.7 mCi) Promix L-[
35 S] in vitro cell labeling mix (Amersham Biosciences). Reactions were stopped by transfer to ice. Reaction products were separated on 12% SDS-PAGE and transferred onto PVDF (BioRad). Membranes were visualized and quantitated by PhosphorImager (Molecular Dynamics).
The sequences of the CXCR4 siRNA are 5 0 P-GUUUUCACUCCAG CUAACACA-3 0 (sense strand) and 5 0 P-UGUUAGCUGGAGUGAAAA CUU-3 0 (antisense strand). The 2 0 O-methylated RNA had identical base sequence to the antisense strand of the CXCR4 siRNA with a 2 0 carbon O-methyl substituent on every nucleotide. The sequence of the 31-mer RNA was 5 0 P-UGUUAGCUGGAGUGAAAACUUCCG GUGUUAG-3 00 The control siRNA was a GFP siRNA (Dharmacon) with the sequences 5 0 P-GGCUACGUCCAGGAGCGCACC-3 0 (sense strand) and 5 0 P-UGCGCUCCUGGACGUAGCCUU-3 0 (antisense strand).
Cap-Labeled mRNA Cleavage Assay
In vitro mRNA cleavage assays were performed as above except that both reporter mRNA and control mRNA were cap labeled by [a- 32 P]GTP (PerkinElmer). RNA from capping reactions was extracted by phenol-choloroform-isoamyl alcohol (25:24:1, pH 6.0, Ambion) and ethanol precipitated. mRNAs were resolved on 4% polyacrylamide gels containing 7 M urea. Gels were dried, visualized, and quantitated by PhosphorImager (Molecular Dynamics).
Northern Blotting Analysis mRNAs from silencing reactions were extracted by phenol-choloroform-isoamyl alcohol (25:24:1, pH 6.0, Ambion), ethanol precipitated, and resolved on 1% agarose-formaldehyde gels. Gels were transferred to Hybond N+ membranes (Amersham Biosciences). To generate the probe to the firefly luciferase, pGL3 vector was double digested by ScaI and SphI (New England Biolabs), and a band of 498 bp was gel purified. For Renilla luciferase, a PCR product of 200 bp was amplified from pRL-TK vector with primers 5 0 -GCTTATCT ACGTGCAAGTGATGATTTACC-3 0 and 5 0 -TTGAGAACTCGCTCAAC GAACG-3 0 . Probes were random labeled by the DECA-Prime II kit (Ambion) in the presence of [a- 32 P] dCTP according to manufacturer's protocols. Unincorporated isotopes were removed by MicroSpin G-50 columns (Amersham Biosciences). Membranes were hybridized with dual probes, visualized, and quantitated by PhosphorImager (Molecular Dynamics).
Modified Northern Blotting Analysis
Total RNA from silencing reactions was collected by phenol extraction (pH 4.3) and ethanol precipitation. RNA pellets were washed in 75% ethanol, air dried, resuspended in 5 ml of 90% formamide, 13 TBE, 0.4% xylene cyanol-0.4% bromophenol blue, and loaded onto a 0.53 TBE-buffered 15% polyacrylamide urea gel (20 cm 3 30 cm). Samples were electrophoresed at 35W for 2 hr and transferred to Hybond N+ membranes (Amersham Biosciences) for 2.5 hr at 350 mA. Membranes were UV crosslinked at 1200 mF and prehybridized for 1 hr at 44ºC in 5 3 SSPE (0.6 M NaCl, 0.04 M NaH 2 PO 4 H 2 O [pH 7.4], 0.004 M EDTA), 23 Denhardt's (Invitrogen), 0.1% SDS, and 100 mg/ml denatured salmon sperm DNA. Twenty pmoles of the sense strand of CXCR4 siRNA or a DNA oligonucleotide complementary to yeast Isoleucine tRNA 5
0 -TGGTCTCTAGCG GGATCGAACC-3 0 was end labeled with [g-32 P]ATP (100 mCi). Labeled probes were purified on G-50 MicroSpin Columns (Amersham Biosciences), heated to 95ºC for 5 min, and added to the prehybridization buffer, and membranes were hybridized overnight. Membranes were washed at room temp (2 3 10 min) in 23 SSC (0.3 M NaCl, 0.03 M sodium citrate [pH 7 .2], and 0.1% SDS) and at 37ºC (4 3 10 min) in 0.23 SSC and 0.1% SDS, then visualized and analyzed by PhosphorImager (Molecular Dynamics).
Preparation of Biotinylated PolyA mRNAs and Streptavidin Pull-Down Assays FL6X or RL0 mRNA reporters were polyadenylated in 20 mM TrisHCl (pH 7.0), 50 mM KCl, 0.7 mM MnCl 2 , 0.2 mM EDTA, 100 mg/ml BSA, 10% glycerol, with 500 nM ATP, 5 nM biotin-ATP (PerkinElmer), and 600 U PAP for 30 min at 37ºC. Reactions were terminated with 5 mM EDTA. PolyA tail length was monitored on 1% agarose-formaldehyde gels.
The conditions for streptavidin pull-down of biotinylated mRNAs were adapted from Hutvagner et al. (2004) . mRNA and siRNA were heated to 75ºC for 3 min and cooled to room temp for 5 min. Streptavidin beads (Sigma) were added to reactions and incubated on ice for 60 min. Streptavidin beads were precipitated by microcentrifugation at 1600 3 g for 5 min; supernatants were carefully removed and added to separate silencing reactions. Streptavidin beads were washed three times in 20 mM Tris (pH 7.5) and 150 mM NaCl. Streptavidin bead bound mRNA reporters were resuspended in 3 ml DEPC water and added to silencing reactions.
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